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Abstract: Transportation infrastructure is a pylon for the society and economy, enabling the 
services and transportation of goods and people, under normal and emergency circumstances. 
Bridges act as bottlenecks within road and rail networks, since bridges are crunch points along 
the network system. Their failures due to multiple natural hazards (e.g. floods, earthquakes, 
tsunami or ground movements) may cause disproportionate losses, which are expected to be 
exacerbated due to climate change. Thus, pinpointing the vulnerabilities and quantifying bridge 
resilience within transportation networks is of paramount importance in the context of natural 
hazards. However, reliable quantification of risk and resilience of bridges is not yet available, as 
engineering judgment dominates quantitative assessments. This paper describes an integrated 
framework for the development of numerical fragility functions and the resilience assessment of 
bridges subjected to multiple hazards. The framework is applied to obtain the fragility of a 
representative bridge exposed to flood-induced scour followed by an earthquake. The resulting 
fragility functions are essential to evaluate direct losses due to multiple hazards, i.e. physical 
damage, as a means to deliver the Quantitative Risk Assessment (QRA) of the exposed bridges 
and networks. The framework is extended to the transport network level exposed to multiple 
hazards, providing a mean for allocating the resources reasonably toward efficient management 
and consequence analysis. 
Introduction 
Natural hazards such as floods, earthquakes, tsunami or ground movements are major threats to 
transport infrastructure. Bridges are bottlenecks of rail and road networks, and their failures can 
cause disproportionate direct and indirect losses to the communities and networks that they 
serve. For example, during the 2009 floods in Cumbria, UK, at least 20 bridges were destroyed 
or damaged, causing at least one fatality, £34m of repair and replacement costs and large societal 
impact (Cumbria County Council, 2010). The causes that resulted to the largest percentage of 
reported bridge failures is of hydraulic nature and in particular flood and scour effects (Wardhana 
and Hadipriono 2003), which may be exacerbated due to climate change (Pant et al. 2018). 
Extensive bridge damage was reported after major earthquakes around the world due to 
inadequate seismic design (Moehle and Eberhard 2003). Furthermore, bridges are exposed to 
multiple hazards and cascading effects, such as flood series over time, flood-earthquake, 
earthquake-aftershock events or earthquake-tsunami, as for example, the 2011 Tohoku, Japan 
earthquake and resulting tsunami. 
Multi-hazard design and assessment have only been introduced very recently (see Bruneau et 
al. 2017). The vulnerability of transport assets, e.g. bridges, is commonly assessed in terms of 
physical vulnerability depending on their characteristics, e.g. age, material, structural type, and 
functional vulnerability depending on the characteristics of the network, e.g. capacity, vehicle 
speed. Risk analysis at network level includes hazard identification, vulnerability evaluation of the 
assets exposed to given hazards and risk assessment, in terms of economic, functional and social 
losses (e.g. Argyroudis et al. 2015, Hackl et al 2018). Risk-based management approaches are 
widely applied to prioritise assets that require more detailed assessments and potential mitigation 
measures (e.g. Arrighi et al. 2019). Risk assessment is commonly based on screening methods 
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to calculate a risk score using different criteria and factors that describe the hazard conditions, 
the vulnerability of the assets and their importance, as for example the guidelines for bridges 
exposed to hydraulic actions (BD97/12, 2012, UK). Moreover, resilience-based assessment and 
management approaches are being adopted and are expected to be incorporated in the next 
generation of provisions and guidelines. In this context, different frameworks and assessment 
tools have been proposed for bridges and transport networks (e.g. Dong and Frangopol 2015, 
Kiel et al. 2016, Sun et al. 2018). 
Vulnerability is a fundamental component of quantitative risk analysis under any natural hazard, 
and its accurate estimation is essential for making reasonable predictions of losses and 
consequences. It is commonly expressed through vulnerability and/or fragility functions, which 
can be derived from empirical, analytical, expert elicitation and hybrid approaches (Argyroudis et 
al, 2019a). In this paper, a framework for the fragility and resilience analysis of bridges exposed 
to multiple hazards is proposed and applied to a representative bridge subjected to a sequence 
of hazards. This framework facilitates the quantitative risk and resilience assessment of bridges 
and transport networks, considering the factors that reflect redundancy and resourcefulness in 
infrastructure (Bruneau et al. 2003), i.e., (i) the robustness to hazard actions, based on realistic 
fragility curves, and (ii) the rapidity of the recovery after the occurrence of damages, based on 
restoration functions. The framework essentially quantifies the resilience at asset-(i.e. bridge) and 
network-level, and thus facilitates decision-making and prioritisation process by the owners and 
stakeholders for maximising the resilience of their infrastructure. 
Multiple hazard fragility and resilience analysis framework 
The methodology for the development of numerical fragility functions for transport systems of 
assets exposed to multiple hazards is described in Argyroudis et al. (2019a), whilst the framework 
for the resilience assessment under multiple hazards is given in Argyroudis et al. (2019b). In the 
following, an integrated framework is provided (Figure 1), which includes the development of 
numerical fragility curves (steps i to vi) and the resilience assessment (steps vii-ix) for a bridge 
exposed flood-induced scour followed by earthquake.  
(i) Definition of the main bridge properties, i.e. geometry and properties of its components and 
soil. The initial soil properties may be altered, e.g. strength characteristics can be reduced due to 
saturation, or the shear modulus and viscous damping of the soil could change with the increase 
in shear strain levels during seismic excitation.  
(ii) Selection of Engineering Demand Parameters (EDPs) for each component and relevant limit 
states and thresholds for the definition of damage states, e.g. minor, moderate, extensive, 
complete (Stefanidou and Kappos 2017). 
(iii) Definition of hazard actions and intensity measures. For floods, the related actions include 
scour, debris accumulation and hydraulic forces (Tubaldi et al. 2017). For seismic hazard action 
and when a time history is performed, a suite of strong ground motions should be selected for 
different intensity levels. Combination of hazards includes a set of subsequent natural actions, 
such as the sequence of a flood followed by an earthquake. 
(iv) Numerical models of the soil-foundation-bridge system are employed to analyse the response 
of the bridge defined in step (i) subjected to different combinations of hazard actions of a given 
sequence as per step (iii). The numerical analyses provide the required EDP for each component. 
(v) The results of the analyses conducted in step (iv) in terms of EDPs are plotted versus the IM, 
e.g. PGA, for each component representing the evolution of damage with increasing hazard 
intensity. A regression model between IM(s) and EDP is established.  
(vi) Generation of component and system fragility curves for single and multiple hazards based 
on the results of step (v) and considering the uncertainty in demand (βD), capacity (βC) and 
definition of damage states (βds) (Argyroudis & Kaynia 2014). The combined effect of the two 
hazards can be visualised through fragility surfaces, where the intensity measures are plotted 
along the two horizontal axes and the damage probability is indicated by the surface. 
(vii) Estimation of the functional vulnerability through models that quantify the induced, i.e. non-
structural related, effects hindering mobility such as the reduction of traffic capacity due to a given 
intensity measure as for example rainfall intensity, inundation depth or debris accumulation 
(Pregnolato et al. 2017a, Lam et al. 2018).  
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Figure 1. Framework for the development of numerical fragility functions for bridges exposed to 
multiple hazards and resilience assessment of an asset (component level) 
(viii) Restoration functions, which correlate the recovery time with the functionality reached for a 
given damage level (e.g. Gidaris et al. 2017). They are typically based on expert judgments, 
following a linear, stepwise, or lognormal/stochastic formulation. Depending on the nature of the 
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hazards and their impact on the bridge, e.g. loss of functionality, restoration can start immediately 
after the first hazard occurrence, e.g. a flood, and can be completed before the initiation of the 
second hazard, e.g. earthquake, or the functionality loss due to the first hazard is not significant, 
and the restoration commences after the occurrence of the second hazard, which means that the 
restoration may have temporal variations. Also, restoration models are strongly dependent on the 
strategy and available resources of the owners or stakeholders (Argyroudis et al. 2019b). 
(ix) Generation of resilience curves as a mean recovery weighted on each damage state 
probability for given hazard scenarios using the fragility curves of step (vi) and the restoration 
functions of step (viii) accounting for the loss of functionality (step vii). The resilience assessment 
is commonly based on a well-informed resilience index, which is a function of the time-variant 
functionality of the infrastructure over the restoration time for given hazard scenarios (Sun et al. 
2018, Argyroudis et al. 2019b, Nasiopoulos et al. 2019). 
(x) Development of Origin-Destination (OD) matrices for the baseline and perturbed conditions, 
to investigate respectively pre- and post- traffic conditions and re-routing (Pregnolato et al. 2018, 
Kilanitis and Sextos 2019). When modelling a perturbed network, i.e. a system of roads and 
bridges impacted by hazards, its elements may have reduced or null capacity for a certain time 
until full recovery; this reflects on traffic flows, routes and speed. Traffic assignment for the post-
event(s) is used to compute travel time variation, which is evaluated in economic terms through 
transport appraisal parameters (e.g. the Value of Time, Pregnolato et al. 2016). 
Assessing resilience at network level includes evaluating the resilience of the road network to 
quantify the impact of the functionality loss of the bridge on traffic flows, routes and speed 
(Pregnolato et al. 2018, Kilanitis and Sextos 2019). Such an assessment should regard the traffic 
dynamic pattern from the onset of the (first) hazard to the end of the whole recovery period. When 
a bridge is impacted by a single or multiple hazard, its performance is reduced, e.g. closure/ 
unavailability of some lanes, or the bridge may be completely unusable (total closure/collapse). 
A binary approach (considering a bridge working at full capacity or completely close) is the 
simplest modelling approach that can be employed; considering the partial operation of the bridge, 
e.g. though functionality loss curves, would be more realistic, although less straightforward. 
Various routes may be underpinned by the impacted bridges, thus the closure of one bridge could 
cascade on several routes, affecting the capacity of multiple road links. Moreover, the stretches 
of road in the studied area could also be affected themselves by the hazards, and lead to a lack 
of accessibility to a bridge (Pregnolato et al. 2016, Pregnolato et al. 2017b). 
Numerical fragility curves for bridges exposed to multiple hazards 
This section illustrates the application of the framework to a bridge system on shallow 
foundations, consisting of a three-span integral bridge-backfill-foundation soil system, subjected 
to multiple hazards, i.e., flood, scour and earthquake. The key assumptions include the following: 
1. Scour effects are considered to be the critical hydraulic action, whereas debris build-up 
and hydraulic forces acting on the piers/abutments are not taken into account. 
2. The scour hole geometry is simplified for idealisation purposes, while the properties of 
the soil, i.e. after the scour, are kept the same. 
3. A two-dimensional (2D) numerical model of the bridge is considered, and the earthquake 
excitation is applied only in the longitudinal direction of the bridge. The actions and 
damage in the transverse direction are neglected for simplification. 
The analyses of the bridge system are performed under plane strain conditions using the finite 
element code PLAXIS 2D v. 2017. A sectional analysis is employed to calculate the capacities of 
the bridge critical section.  
Engineering Demand Parameters (EDP), Hazard actions and Intensity Measures (IM) 
The maximum bending moment (Mmax) is selected as the EDP for the critical sections of the deck, 
pier and abutment representative of the structural failure. The maximum permanent ground 
deformation (Uy) of the backfill behind the abutment and the soil under the foundations is defined 
as the EDP for the geotechnical failure. The thresholds for backfill damage described by 
Argyroudis & Kaynia (2014) are adopted. Cracking of the concrete and yielding of the steel are 
selected as thresholds for the minor damage state of the bridge deck and pier/abutment 
respectively. The yielding bending moment (My) define the moderate damage for the deck, while 
the thresholds for the extensive and complete damage state of the deck correspond to 1.5My and 
2My respectively. For the pier/abutment the corresponding thresholds are 1.5My, 2.0My and 2.5My. 
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Five critical sections of the deck, i.e. sections A, B, C, D and E in Figure 3, are identified and their 
moment-curvature curves are calculated through section analysis to define the cracking and 
yielding moments. The critical sections are identified on the basis of the bending moments and 
their evolution (i.e. increase or decrease) during the development of the scour and the earthquake 
excitation. In particular, points A, B and E correspond to the first mid-span and the hogging 
moments at piers 1 and 2. It was observed that the BM at point A was slightly increased as well 
as the BM at point B at support (pier 1). The BM at point E at pier 2, which is the pier that sinks 
due to scour inversed their signs. Finally, points C and D within the intermediate span of the deck 
are positions where BM were zero under the bridge dead loads, whereas developed hogging and 
sagging BM respectively, when pier 2 settled. Similarly, the capacities of the pier and abutment 
sections are identified.  
The IM used for the flood effect is the maximum scour depth (Sc). In particular, a progressing 
maximum scour depth at pier 2 is analysed corresponding to 1.0Df, 1.5Df and 2.0Df, where Df= 
2.5 m is the foundation depth (Figure 2). It is assumed that scouring occurs when the flood water 
inundating level is at 1.0m above the ground level (G.L), corresponding to a cross-sectional area 
and wetted perimeter in the flooded channel about 80m2 and 100m respectively. The geometry 
of the scour hole is simplified in order to convert the local scour action to a plane strain problem 
(Zampieri et al. 2017). The horizontal extent of the scour hole underneath the footing is limited to 
one third of the foundation length (i.e. 1/3 x 3.5m = ~1.15m).  
 (a)  b) 
  (c) (d) 
Figure 2. Scour scenarios at the pier foundation: inundation at 1m above the ground level (a), 
scour depth 1Df (b), scour depth 1.5Df (c), scour depth 2Df (d). 
For the earthquake hazard, five acceleration time histories recorded on rock or very stiff soil are 
selected as outcrop motion for the analyses, as the minimum number of ground motions for 
dynamic analysis: Kocaeli (Gebze), Turkey, 1999; Parnitha (Kypseli), Greece, 1999; Duzce (Ldeo 
Station No. C1058 Bv), Turkey, 1999; Umbria Marche (Gubbio-Piana), Italy, 1998; Hector Mine, 
USA, 1999. The IM used for the earthquake hazard was the Peak Ground Acceleration (PGA). 
The time histories were scaled to PGA equal to 0.2, 0.4 and 0.6g and applied separately for each 
scour depth, i.e. 0DF, 1DF, 1.5DF, 2DF, simulating the sequential occurrence of the two hazards. 
Therefore, a total of 60 analyses were studied, i.e. 4 Sc levels x 5 inputs x 3 PGA levels. 
Numerical modelling  
A three-span prestressed concrete bridge on shallow foundations was considered in this case 
study, with a total length of 100.5m, without expansion joints or bearings. The bridge is divided 
into three equal length spans of 33.5m, supported by two intermediate integral piers and two full-
height integral abutments. The deck is a hollow box girder and has a total width of 13.5m. The 
height of the abutments is 8m, the footing has a thickness of 1m and is 5.5m long. The piers are 
wall-type, with a transverse width of 4.5m and a height of 10m, including the 1m thick foundation 
footing. The longitudinal widths of the pier and its shallow foundation are 1m and 3.5m, 
respectively. A quasi-permanent vertical load including 30% of the variable loads as per Eurocode 
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1 (EC1 was estimated as an area UDL at 5.5kN/m/m, which was applied on the deck, including 
the deck self-weight and live loads. 
The foundation soil is a very stiff clay classified as ground type B according to Eurocode 8 (EC8) 
-Part 1, with mechanical properties that gradually increase with depth. Its unit weight is 
γ=19.5kN/m3 with a Poisson’s ratio ν= 0.35. The backfill material is a well-compacted sand with 
a friction angle φ= 42°, unsaturated unit weight γ= 18.5kN/m3 and saturated unit weight γ= 
20kN/m3. The Poisson’s ratio is 0.40 for unsaturated, and 0.35 for saturated conditions. The initial 
water level is assumed to be at the bottom of the model, while it is gradually increased to 1m 
above the ground surface. Flooding effect on the soil is accounted for by modifying the properties 
of the saturated soil layers as described in Argyroudis et al. (2018). Scour effect is modelled by 
introducing discrete phases corresponding to different scour depth, where soil clusters around 
the pier foundation were removed. A calibration procedure is followed to account for the 
dependency of stiffness and damping on the primary shear strain level during the earthquake 
(Argyroudis & Kaynia 2014).  
To minimise the boundary effects on the structure, the model width is set to 400m (Figure 3). All 
analyses included initial stages to simulate the initial geostatic stresses and the construction of 
the bridge. The base of the model is fixed in both horizontal and vertical directions, during the 
initial and scour steps. For the dynamic analyses, the horizontal direction is released, and the 
seismic input is uniformly applied at the base of the model. The normally fixed and the tied 
degrees of freedom are selected for the lateral boundaries during the initial and the dynamic 
phase respectively. The boundary conditions were validated against published results (Caristo et 
al. 2016). For all the analysis phases, an elasto-plastic soil behaviour, i.e. Mohr-Coulomb criterion 
is assumed. To model the interface between the abutment and the backfill, and the footings and 
the foundation soil, proper interface elements with a friction coefficient of Rinter=0.5 are used. The 
monolithic connections between the deck and supports are modelled with rotation fixities. 
 
Figure 3. FEM model of the bridge, backfill and foundation soil (a), details of the bridge model 
and location of critical sections of the deck. 
Fragility assessment at component level 
Fragility describes the probability of exceeding different Damage States (DS) for a given Intensity 
Measure (IM), the latter defined by the scour depth under flooding conditions and PGA at bedrock 
conditions. In line with other similar procedures (HAZUS-MH 2011, Mackie and Stojadinovic, 
2007), fragility curves are commonly described by a lognormal probability distribution function: 𝑃(𝐷𝑆 ≥ 𝐷𝑆𝑖|𝐼𝑀) = Ф[𝐼𝑛 / 0101234 /𝛽787]  (Equation 1) 
Therefore, their development requires the definition of two key parameters, the median threshold 
value of the intensity measure (IMmi) required to cause damage state i (DSi) and the total 
lognormal standard deviation (βtot). The definition of these parameters is based on the correlation 
between the calculated EDPs for increasing IMs (Nielson and DesRoches 2007, Pinto 2007). For 
each component of the bridge system and each scenario of the combined hazards, the EDPs are 
plotted versus the IM in a logarithmic scale and a regression curve is fitted. The median PGA can 
be obtained for each damage state using the regression models and the definitions of damage 
states. The total variability (βtot) is calculated according to Equation 2, including three sources of 
uncertainty under the assumption of statistical independence.  
βtot2 = βC2 + βD2 + βds2     (Equation 2) 
 
 
 
 
A C D 
E B 
interfaces 
 pier 1 
 
pier 2 
 
abutment 1 
 
abutment 2 
 
rotation fixities 
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The uncertainty due to the capacity (βC) is taken 0.3, βds is associated with the definition of 
damage states and is taken equal to 0.4. The uncertainty associated with the seismic demand 
(βD) is calculated by the dispersion in the calculated EDPs due to the variability of the seismic 
input motion. The corresponding IMmi values are estimated for minor, moderate, extensive and 
complete damage. Fragility curves are then derived for every damage state considering the total 
uncertainty (βtot) for each component as per Equation 1. Examples of component fragility curves 
are shown in Figures 4 and 5.  
 (a)  (b) 
 
Figure 4. Examples of bridge component seismic fragility curves for deck section B, scour depth 
of: 1.5Df (a), 2Df (b). 
 (a)  (b) 
 
Figure 5. Comparison of scour 1Df, 1.5f and 2Df for the pier (a), and abutment (b). 
It is seen that the vulnerability of the components can vary significantly for given scour conditions 
and seismic loading. Overall, the results show that the scour hazard, especially for the more 
severe cases such as scour depth of 2Df, imposed a significant threat to the bridge components 
for all damage levels. This is a reasonable outcome for an integral bridge with a shallow 
foundation. For example, for deck section B, the probability of exceeding moderate or complete 
damage for scour depth 1.5Df is negligible for earthquakes of moderate intensity up to 0.25-0.3g, 
whereas when the scour increases to 2Df, the probability of exceeding extensive damage is very 
high (>0.9). For the same scour depth, the probability of exceeding moderate damage is very high 
for very low seismic intensities (<0.1g), while the minor damage has been already exceeded 
before the occurrence of the earthquake. The comparison of the pier and abutment vulnerability 
shows that for a scour depth of 1Df, the pier is more vulnerable when subjected to seismic 
excitation, while for scour depth of 1.5Df, the pier is less vulnerable than the abutment. For a 
scour depth of 2Df the moderate and extensive damage probabilities are similar for the pier and 
abutment, while for the complete damage the pier presents higher probability.  
These fragility curves are essential for the Quantitative Risk Assessment (QRA) for a portfolio of 
bridges, as they provide the damage probabilities, and hence, the expected direct losses, under 
different multiple hazard scenarios. The results of the QRA, in combination with the resilience 
analysis for the asset or the network, enable objective decision-making and prioritisation by the 
owners and stakeholders for maximising the resilience of their infrastructure. In particular, the 
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fragility curves for bridge components can provide the means for identifying the most critical 
one(s) and, hence, initiate the application of retrofitting measures with these components. 
Fragility assessment at system level 
The fragility of the bridge system is generated based on the fragilities of the components 
assuming that they form a series system (Stefanidou and Kappos 2017). Any degree of 
correlation between the components can be considered, while an upper (no correlation) and lower 
boundary (full correlation) of the fragility curve for the bridge system is considered here, according 
to Equation 3.  𝑚𝑎𝑥=>?>@[𝑃(𝐹?)] ≤ 𝑃C𝐹DED7FGH ≤ 1 −∏ [1 − 𝑃(𝐹?)@?L= ]    (Equation 3) 
where i refers to ith component in the bridge system. 
Examples of system fragility curves are shown in Figure 6 for scour depth of 1.5Df and 2Df. It can 
be seen that the probability of the damage level being exceeded increases from scour depth 1.5Df 
to 2Df. In particular, for 2Df, extensive or complete damage is very likely even for low seismic 
intensities. These fragility curves can facilitate the QRA of large portfolios of bridges, to define 
scour depths that are critical for the integrity of the structure. Furthermore, the results of the QRA 
in combination with other factors, such as the importance of the bridge or the indirect losses and 
societal impact in case of bridge failure, can enable decision making by the owners and network 
operators towards efficient allocation of their resources in the risk management. 
(a) (b) 
 
Figure 6. System fragility curve for scour 1Df (a) and 2Df (b) 
Impact of multiple hazards on the resilience of road networks 
This section illustrates how multiple hazards can affect the resilience of a road network, in 
complying to the proposed framework. In particular, a case study in Newcastle, UK, is presented, 
showing the impact of heavy rainfall and pluvial flooding in terms of flood to the urban road 
network. This framework coupled a flood and a transport model to assess the impacts of extreme 
rainfall events and quantify the resilience value of different adaptation options. This study showed 
that extreme flooding events can cause the increase of travel times by up to 50%, for a 1-in-200-
years event (Figure 7). It is also possible to appreciate how bridges act as bottlenecks and 
contribute to determine the level of risk of the portion of network reliant on them. This assessment 
was used to optimize investment and target interventions at critical locations, providing a means 
of prioritizing limited financial resources to improve resilience. It was found that adaptation options 
can reduce transport disruption from flooding by reducing delays in travel times up to 22%. This 
is particularly important, as flood management investments must typically exceed a far higher 
benefit-cost threshold than transport infrastructure investments. Similar techniques are currently 
consolidated to address the risk for a single hazard (like flooding, in this example); however, there 
are currently no commonly accepted methodologies available for multi-hazards. Being successive 
(e.g. cluster of storms) or interlinked events (e.g. earthquakes triggering landslides) more 
detrimental than hazards in isolation, multi-hazard approaches are necessary, and represent the 
future challenge for this piece of research. 
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Figure 7.The criticality of the road network during an intense flooding event (1-in-200-years) for 
Newcastle (UK) 
Conclusions 
Bridges are critical elements for the transport network and the urban overall system. They are 
assets particularly exposed to multiple natural hazards (e.g. floods, earthquakes, tsunami or 
ground movements) and their failure is likely to cause disproportionate losses. Thus, pinpointing 
the vulnerabilities and quantifying bridge resilience within transportation networks is of paramount 
importance in the context of natural hazards. This paper described an integrated framework for 
the development of numerical fragility functions and the resilience assessment of bridges 
subjected to multiple hazards. The framework was applied to obtain the fragility of a 
representative bridge exposed to flood-induced scour followed by earthquake, in order to evaluate 
direct losses due to multiple hazards. The results of the QRA in combination with other factors, 
such as the importance of the bridge or the indirect losses and societal impact in case of bridge 
failure, are fundamental tools in decision-making and budget allocation. The framework can be 
extended to the transport network level exposed to multiple hazards, as a useful tool for allocating 
the resources reasonably toward efficient management and consequence analysis.  
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